Our recent research into syntrophic oxidation of volatile fatty acids (VFAs) at extremely haloalkaline conditions in anaerobic sediments of hypersaline soda lakes resulted in the discovery of several highly enriched associations oxidizing VFAs either with sulfate as electron acceptor and forming sulfide [1] or without sulfate at methanogenic conditions [2] . An association, oxidizing acetate in the presence of sulfate as an electron acceptor at extreme salinity of up to 3.5 M total Na + , was purified to two components consisting of a novel lineage of acetate-oxidizing clostridium 'Ca. Syntrophonatronum acetioxidans' and its sulfate-reducing partner, strain ASO3-2 T , identified as representing a novel member of the genus Desulfonatronospira. This genus of extremely haloalkaliphilic sulfate-reducing bacteria (SRB) has previously been found in hypersaline soda lakes and is characterized by its ability to grow chemolithoautotrophically by dismutation of sulfite and thiosulfate, while growth with sulfate was only possible in the presence of organic electron donors, such as lactate [3] . Another syntrophic association obtained from soda lakes, along with two dominant organisms, participating in benzoate conversion to methane and acetate [2] , also contained a minor bacterial component with unusually long cells. This organism was apparently feeding on some intermediates of benzoate conversion and was finally isolated using crotonate as a substrate.
This paper describes the properties of the novel isolates from the soda lake syntrophic associations and suggests placing them into two novel species within the two genera of sulfidogenic bacteria, Desulfonatronospira and Desulfitispora, previously found in soda lakes.
The two syntrophic associations which served as the source of novel isolates were obtained from anoxic sediments in hypersaline soda lakes in the Kulunda Steppe (southwestern Siberia, Altai, Russia; sampled in July 2010 and IP: 54.70.40.11
On: Tue, 18 Dec 2018 06:58:24 2011) [2, 4] . The brines had salinities from 120 to 300 g l À1 , a pH from 10.1 to 10.4 and a total soluble carbonate alkalinity from 0.8 to 3.4 M.
The mineral sodium carbonate-based medium with pH 10 and 0.6-4 M total Na + used for the enrichment and growth experiments, the anaerobic cultivation technique and the measurements of pH/salinity growth profiles were similar to those described previously [5] . The incubation temperature was 30 C. Electron donors were used at concentrations of 10-50 mM and electron acceptors at concentrations of 5 mM (nitrate, nitrite, selenite, selenate, arsenate, arsenite) or 20 mM (sulfate, thiosulfate, sulfur, fumarate, ferrihydrite). The analysis of sulfur compounds, VFAs, phospholipid-derived fatty acids (PLFAs) and microscopy methods were performed as described previously [3, 5] .
Strain ASO3-2 T was isolated from an acetate-oxidizing sulfidogenic syntrophic association obtained from hypersaline soda lake Bitter-1 in Kulunda Steppe at pH 10 and 2 M total Na + [1] . First, a subculture was established at 2 M Na + and pH 10, using formate as electron donor and sulfate as acceptor, followed by several dilution-to-extinction series until the 16S rRNA gene-based denaturing gel gradient electrophoresis showed a single band with a sequence identical to those present in the binary culture. The cells were nonmotile and rod-to coma-shaped (Fig. 1a) . It grew with formate+sulfate at pH 10 in carbonate-based medium at salinity from 1 to 4 M (optimum at 2 M). At optimal salinity it showed an obligately alkaliphilic profile, growing within the pH range from 9 to 10.3 with an optimum at 9.7-10. The growth rate with formate+sulfate even at optimal salt and pH conditions was extremely low (0.003 h
À1
). Substrate profiling showed that, apart from the formate-sulfate pair, it can use the following donor-acceptor combinations: formate+sulfite, lactate+sulfate, EtOH+sulfate, pyruvate +sulfate, BuOH+sulfate and sulfite alone (disproportionation). Surprisingly, no growth was observed when thiosulfate was used either as electron acceptor with formate or alone in disproportionation mode. Likewise, no growth was achieved with H 2 and either sulfate or sulfite as electron acceptors. With sulfate as the acceptor, strain ASO3-2 T was unable to grow with acetate, propionate, butyrate, malate, succinate or fumarate. When formate was used as the electron donor, no growth was observed with the following acceptors: sulfur, ferrihydrite, arsenate, selenate, nitrate, nitrite or fumarate.
Strain Acr1
T was obtained from a syntrophic methanogenic association enriched from Kulunda Steppe soda lakes on benzoate [2] at pH 10 and 0.6 M total Na + . In an attempt to grow the benzoate-fermenting syntroph alone, a subculture was made using crotonate as a single substrate in the presence of bromethane sulfonate to inhibit methanogens. However, instead of the syntroph, a minor bacterial component still present in the association became dominant, and it was further purified by dilution series to homogeneity. While growing with crotonate, the culture was dominated by long rods filled with polyhydroxyalkanoate (PHA)-like refractive granules and was motile with peritrichous flagella (Fig. 1b, c) . However, cells grown with pyruvate lacked the inclusions. At pH 10 it was able to grow at a salinity range from 0.4 to 3 M total Na + with an optimum at 0.6-1.0 M. It was obligately alkaliphilic, growing at 1 M Na + within the pH range from 8.3 to 10.5 (optimum at pH 9.3-9.5). From the tested electron donors, strain Acr1
T was only able to grow with crotonate (C4) and pyruvate (C3). Both were fermented. Crotonate was fermented to a mixture of acetate and butyrate with trace amount of H 2 in the gas phase, while the only detectable product of pyruvate fermentation was acetate. Furthermore, in the presence of thiosulfate, anaerobic growth on crotonate and pyruvate was accompanied by sulfide production. Strain Acr1
T reduced both sulfur atoms of thiosulfate to sulfide (maximum production 7 mM). However, elemental sulfur was only reduced in the presence of pyruvate, with intermediate formation of polysulfide (maximum total sulfate accumulation 9.5 mM). In the presence of both acceptors the final growth yield of the culture increased by 10-15 % in comparison to fermentation. Moreover, the addition of thiosulfate to crotonate culture resulted in a product shift: H 2 was completely absent, while the amount of acetate increased twofold in parallel to a corresponding decrease in butyrate formation. By contrast, no thiosulfate-dependent changes in the products were observed in the pyruvate culture. Similar to elemental sulfur, sulfite was also utilized as an electron acceptor only in the case of pyruvate, but it was toxic at a concentration of 5 mM and the final amount of produced sulfide was two times lower than in the case of thiosulfate. None of the other donors and acceptors (mentioned above as tested for strain ASO3-2 T ) supported growth of strain Acr1
The PLFA profile of strain ASO3-2 T was dominated by two saturated species, 16 : 0 and i15 : 0, with two unsaturated compounds, 18 : 1!7 and 16 : 1!7, at lower abundance (Table S1 , available in the online Supplementary Material). The profile was clearly different from the two closely related species from the same genus (Table 1 ). In strain Acr1
T the PLFA profile was more diverse with a domination of C16-C18 unsaturated species, such as 16 : 1!7c, 16 : 1!9c and 18 : 1!7, while a single dominant component among the saturated fatty acids was represented by 16 : 0 (Table S2 ). In general, the profile was similar to the closest relative (Table 1) , except for the presence/absence of two unsaturated compounds in each.
High-molecular-weight genomic DNA was extracted by the phenol/chloroform method [6] and its G+C content was analysed by the thermal denaturation/reassociation technique [7] using Escherichia coli as a standard (details are given in the Supplementary data). The G+C content of the genomic DNA for strains ASO3-2 T and Acr1 T was 51.1 and 40.3 mol%, respectively.
The DNA for molecular analysis was extracted using the UltraClean Microbial DNA Isolation kit (MoBio Laboratories). The nearly complete 16S rRNA gene was obtained with general bacterial primers 11f and 1492r [8] . The dsrAB genes were amplified with the primers DSR1F/DSR4R [ACGCCACTGGAAGCACG/GTGTAGCAGTTACCGCA] [9] . The PCR mix was incubated for 5 min at 94 C, followed by 34 cycles of 20 s at 93 C, 45 s at 55 C and 190 s at 72 C, with the final extension at 72 C for 10 min. The PCR products were purified using the Qiagen Gel Extraction Kit (Qiagen). The sequences were aligned against related dsrB gene sequences using the program CLUSTAL W. The phylogeny was inferred using the neighbour-joining and maximum-likelihood methods and the trees were reconstructed by using the MEGA 6 package [10] .
The phylogenetic analysis of 16S rRNA gene sequences demonstrated that strain ASO3-2 T is a member of the genus Desulfonatronospira (family Desulfohalobiaceae, Deltaproteobacteria) accommodating extremely salt-tolerant alkaliphilic SRB from hypersaline soda lakes [3] (Fig. 2a) , while strain Acr1 T falls within the genus Desulfitispora (Clostridia), so far containing a single species of sulfidogenic haloalkaliphile from soda lakes [11] (Fig. 3a) . Both 98 % 16S rRNA gene sequence similarity to the type species of the corresponding genera. The DNA-DNA hybridization 
Desulfonatronum thiodismutans MLF1 T (AF373920)
Desulfonatronum thioautotrophicum ASO4-1 T (FJ469577)
Desulfonatronum thiosulfatophilum ASO4-2 T (FJ469578)

Desulfonatronum alkalitolerans HSRB-L T (NR 108631)
Desulfonatronum cooperativum Z-7999 T (AY725424)
Desulfovibrio alkalitolerans HSRB-E1 T (GQ863489)
Desulfobaculum xiamenense P1 T (NR 109308)
Desulfocurvus thunnarius Olac 40 T (NR 109747)
Desulfoplanes formicivorans Pf12B T (NR 135886)
Desulfomicrobium thermophilum P6.2 T (NR 042924)
'Desulfomicrobium aestuarii ' ADR26 (AM419442)
Desulfomicrobium macestii DSM 4194 T (AJ237604)
Desulfonauticus autotrophicus DSM 4206 T (NR 044591)
Desulfothermus naphthae TD3 T (NR 044861)
Desulfohalobium retbaense DSM 5692 T (NR 074907)
Desulfovermiculus halophilus 11-6 T (DQ139408)
Desulfonatronospira sulfatiphila ASO3-2 T (KP223255)
Desulfonatronospira thiodismutans ASO3-1 T (NR 044459)
Desulfonatronospira delicata AHT6 T (NR 044460)
Desulfohalophilus alkaliarsenatis SLSR-1 T (NR 132701)
Desulfonatronovibrio halophilus HTR6 T (HQ157563)
Desulfonatronovibrio magnus AHT22 T (NR 117453)
Desulfonatronovibrio hydrogenovorans DSM 9292 T (X99234)
Desulfonatronovibrio thiodismutans ASO4-5 (GQ863493) (according to De Ley et al. [12] ; details in Supplementary data) between strain ASO3-2 T and Desulfonatronospira thiodismutans ASO3-1 T revealed 41 % relatedness, while strain Acr1 T shared 32 % relatedness to Desulfitispora alkaliphila AHT17 T .
Amplification of the dsrAB gene was positive for both organisms and phylogenetic analysis based on DsrB showed a close relationship between Desulfitispora alkaliphila AHT17 T and strain Acr1 T (Fig. 3b) . In case of strain ASO3-2 T , however, the DsrB phylogeny was less obvious and the clustering order depended on the algorithm used for the tree calculation. While the neighbour-joining method placed strain ASO3-2 T into the cluster of Desulfonatronospira-Desulfohalophilus (Fig. S1) , in the maximumlikelihood tree it formed a deep lineage at the root of the Desulfonatronospira-Desulfohalophilus-Desulfonatronovibrio clade (Fig. 2b) .
Overall, the two novel sulfidogens from soda lakes, although being clearly members of known haloalkalphilic genera, are sufficiently different from the type species both (phylo) genetically and phenotypically (the comparison is given in Table 1 ) to be suggested as representing two novel species, Desulfonatronospira sulfatiphila (ASO3-2 T ) and Desulfitispora elongata (Acr1 T ). 18 : 1!7 and 16 : 1!7 (in order of abundance). Obligately anaerobic, utilizing formate, EtOH, lactate, pyruvate and BuOH as energy source and sulfate and sulfite as electron acceptor. Sulfite can be disproportionated. Extremely salttolerant with a salinity range for growth (as sodium carbonates) from 1 to 4 M total Na + (optimum at 2 M) and obligately alkaliphilic with a pH range for growth between 9 and 10.3 (optimum at pH 9.7-10). The growth temperature maximum is 40 C (optimum 33-35 C).
DESCRIPTION OF
The type strain is ASO3-2 T (=DSM 100427 T =UNIQEM U993 T ), isolated from sediments of hypersaline soda lake Bitter-1 in south-western Siberia (Altai, Russia). The G+C content of the DNA of the type strain is 51.1 mol% (T m ).
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